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ABSTRACT
Modeling the Effects of Parameter Changes on Heating and Pressure at the Weld
Interface and Joint Strength in Friction Bit Joining
Adam Hartly Wagner
Department of Manufacturing Engineering, BYU
Master of Science
Joining of dissimilar metals is a process that is of interest in many fields, especially the
automotive industry where lightweighting of the body structure is important. However, creating
strong joints between dissimilar metals can be challenging. Friction bit joining (FBJ) is a solidstate method that uses a consumable bit to create a strong joint between dissimilar metals such as
aluminum and steel.
The purpose of this research is to gain understanding of how adjusting FBJ parameters
affects the heating and pressure at the weld interface using a modeling approach, in order to better
understand the bonding process. The questions guiding this research are: (1) What is the effect of
spindle speed, plunge rate, and plunge depth on joint strength? (2) Can the proposed model be
developed with enough fidelity to correlate the effect of these parameters on joint strength, within
10%? (3) What is the effect of the simulated vertical load profile on heating at the interface? (4)
Does the load profile/heating relationship correlate to experimental joint strength to within 10%?
A design of experiments approach found that the effect of spindle speed on joint strength
is significant. Plunge rate did not have a significant effect, but the interaction between plunge rate
and spindle speed was significant. A model was created, and multiple simulations were run to
study these interactions. Initial simulations were run based on the input parameters used for the
experiments. The simulation data was used to run a full second order regression was run which
found that spindle speed had a significant effect on the experimental Z load. The data also revealed
that spindle speed and plunge rate have a strong correlation between bonded area and temperature.
Simulated versus experimental Z loads have a good correlation. Experimental bonded area had a
slight correlation to joint strength trending in the correct direction. The shape of the simulated
cross section did not fully match the experimental cross sections but was reasonable. Simulated
bonded area and experimental bonded area also have a positive correlation. Despite some
weaknesses, the current model does appear to be predictive enough that it can provide insight into
other FBJ design configurations and material combinations in terms of temperature profiles and
welding loads.

Keywords: friction bit joining, simulation, modeling, dissimilar materials joining
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1.1

INTRODUCTION

Nature of the Problem
Joining dissimilar metals such as aluminum and steel can be very useful in applications

such as the automotive industry where lightweighting vehicles is of great importance. However,
joining dissimilar metals is a challenge. Friction stir spot welding (FSSW) and self-piercing
riveting (SPR) have been used to join dissimilar metals, but they struggle to join advanced high
strength steels (AHSS) because of their high strength and low ductility. Friction bit joining (FBJ)
uses a consumable bit to join dissimilar metals and has shown a much greater ability to achieve
desired joint strength with AHSS.
Friction bit joining technology has been improving over recent years. The FBJ process is
complex and involves many different parameters that can be adjusted. The parameters that are
most commonly changed are depth of plunge, plunge rate, and rotational velocity of the tool bit.
Changes in each of these parameters can have an effect on joint strength. The process of finding
the combination of parameters that will create strong joints has largely been based on trial and
error. Much has been learned through experience in improving joint strength. Little work has
been done on creating predictive models of the FBJ process. A parameter-based model linking
process inputs to characteristics like heat flow, pressure, and final weld strength would be
extremely valuable in standardizing the process for different applications.
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1.2

Purpose of the Research
The purpose of this research is to gain a better understanding of how changing parameters

in the FBJ process affects the heating and pressure at the interface through modeling. Observing
how parameter changes affect heating and pressure at the interface will yield insight into how
weld strength is affected by the process conditions. There will also be an effort to understand the
most influential parameters on joint strength, and whether monitoring these parameters during
the process can distinguish between a good and a bad weld (with respect to industry
specifications on joint strength). The process data for this aspect of the work was generated in a
design of experiments using the FBJ robot located at MAZAK Megastir in Provo.

1.3

Research Questions, Hypothesis or Objectives
Research questions:
1. What is the effect of spindle speed, plunge rate, and plunge depth on joint strength?

Can the proposed model be developed with enough fidelity to correlate the effect of these
parameters on joint strength, within 10%?
2. What is the effect of the simulated vertical load profile on heating at the interface?
Does the load profile/heating relationship correlate to experimental joint strength to within 10%?
The purpose of this research is to correlate the welding model results to experimental
data, in order to evaluate its predictive value. Then, if validation is successful, it will be used to
better understand the factors affecting joint strength performance, as elucidated in the research
questions, above. Process monitoring data from the welding experiments was created using a
design of experiments. This data includes timing of each process step, measured vertical loads
experienced, and includes temperature measurements. These data will be compared with the
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output of the model to find relationships between process parameters, their evolution during
welding, and joint strength in lap shear.

1.4

Methodology of the Research
Modeling of the FBJ process will be performed using a finite element approach with the

Forge® software package similar to another FSSW simulation (Miles, Karki, Woodward, &
Hovanski, 2013). A Lagrangian scheme will be used to model the flow of the consumable bit and
sheet material subject to the boundary conditions of a rotating and plunging tool driver, a fixed
clamping face, and a fixed backplate. The model will be two-dimensional, axisymmetric, with a
third dimension in terms of the thermal boundary conditions. Material flow will be calculated
from a two-dimensional velocity field. Heat generated by fiction is computed from the rotational
velocity of the tool surface. Variables will include depth of plunge, plunge rate, and RPM. An
example of the temperature distribution from a similar simulation is shown in Figure 1-1 below.

Figure 1-1: FBJ Process Simulation Example With Temperature Profile.
3

FBJ welding data have been created using a design of experiments including lap shear
test data. Additional data can be compared if needed from the Honda Americas project including
lap shear, cross tension, and t-peel (see Figure 1-2). The weld data come from the purpose-built
end effector located at Mazak MegaStir located in Provo, Utah. The end effector’s control
system can track displacement, spindle load, Z-motor load, and load cell information.
Destructive failure loads are measured using the Instron machine in the CTB on BYU campus.
The model will be built in order to replicate both the geometry and physical properties of the
joining bit and sheets, using process parameters from the experiments as boundary conditions
(plunge rate and tool RPM).

Figure 1-2: Weld Setups a) Lap Shear b) Cross Tension c) T-Peel
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2

2.1

LITERATURE REVIEW

Research Questions
The review of the literature focuses on the following questions:
1. What modeling has been done for FBJ or similar processes?
2. How does heating and pressure at the weld interface affect the strength of FBJ and
other similar solid-state joints?
3. What other aspects might be of interest when modeling FBJ heating and pressure at
the interface?
4. What process parameters would typically be used to monitor a solid-state spot joining
process in order to monitor weld quality?

2.2

Review of the Literature

2.2.1

Modeling for FBJ or Similar Processes
Little modeling has been done for the FBJ process, but friction stir spot welding, friction

stir blind riveting, and other processes have been modeled in various ways. A two-dimensional
axisymmetric Lagrangian finite element approach was used to model friction stir spot welding
(FSSW). This is a very similar method to what is being proposed for the FBJ model. Friction
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equations were explained and helped the model correlate simulated heating to austenite
transformation (Miles, Karki, Woodward, & Hovanski, 2013). A different FSSW model used
Smoothed Particle Hydrodynamics where particles move together while avoiding mesh tangling
that Lagrangian models frequently experience. This model focused on simulating material flow
patterns and velocity (Yang, Yang, & Hu, 2015). The plunge phase of refill FSSW was modeled
using a fully coupled thermo-mechanical finite element model developed in Abaqus/Explicit.
Mass-scaling was used to decrease processing time in the simulation (Muci-Küchler, Kalagara,
& Arbegast, 2010). A finite element model of FSSW process was done using
ABAQUS/EXPLICIT software. An adaptive mesh scheme that automatically regenerates the
mesh once the elements are severely distorted due to large deformation was used (Awang,
Mucino, Feng, & David, 2005). A model of the FSSW process was developed using a finite
element approach within the Forge software package. An updated Lagrangian scheme with
explicit time integration was employed to model the flow of the sheet material, subjected to
boundary conditions of a rotating tool and a fixed backing plate. The modeling approach was
two-dimensional, axisymmetric, but with an aspect of three dimensions for thermal boundary
conditions. Formulas and definitions used in the model were detailed and explained (Miles,
Karki, & Hovanski, 2014).
Friction Element Welding (FEW) is a joining process which can weld sheet metals of
varying thickness and high strength in lap configuration. It uses a rotating consumable tool in a
friction based mechanical joining process. A finite element model is developed for the FEW
process, using ABAQUS commercial software. To capture the deformation of both friction
element and workpiece, the coupled Eulerian-Lagrangian approach was adopted in the model
wherein the friction element was defined as a Eulerian part and the two layers of the workpiece
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were defined as Lagrangian parts. Shape of the weld agreed well the experimental
measurements, and temperature prediction was validated using micro-thermal couples during the
penetration step (Varma, Absar, Zhao, Choi, Abke, Skovron, Ruszkiewicz, & Mears, 2018). This
model was likely based off an earlier version of the same model that was used to perform a
similar comparison (Skovron, Ruszkiewicz, Mears, Abke, Varma, Li, Choi, & Zhao, 2017).
Another similar finite element model for the penetration step of FEW was developed in
Abaqus/CAE. Since the consumable friction element does not experience much deformation
during the penetration step, the friction element and the steel alloy sheet were defined as rigid
bodies to reduce the computation. This model was looking specifically at the vertical flow of
aluminum and generally agreed with the experimental shape (Grimm, Varma, Deshpande,
Mears, & Zhao, 2021). The proposed FBJ model will not match experiment shape above the
surface of the aluminum sheet, because the flash is cut off in the FBJ process.
Friction stir blind riveting (FSBR) was modeled using a mesh-free Langrangian particlebased smooth particle hydrodynamics method in a cellular automaton simulation. This model
focused on simulating grain size near the joint from the heating and forces involved (Samanta,
Shen, Ji, Wang, Li, & Ding, 2018). Friction stir processing (FSP) is a process similar to friction
stir welding, but it doesn’t join two materials together. FSP can be used to improve surface
finish, and material properties. A 3D coupled Eulerian-Lagrangian finite element model was
used to simulate the FSP process. Temperature and force were modeled during plunge, dwell,
and stirring phases, and found that as temperature increased, axial and transverse force
decreased. This study also focused on the efficiency of the model as opposed to other existing
models (Ansari, Samanta, Behnagh, & Ding, 2019). Self-piercing riveting was numerically
simulated using a finite element approach. This study revealed the importance of understanding
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and using the correct friction models to yield accurate and useful results in the SPR process
(Hönsch, Domitner, Sommitsch, Götzinger, & Kölz, 2018). A numerical model was used to
simulate friction riveting of an aluminum rivet to poly methyl metha acrylate (Vignesh & Hynes,
2018). Many of these models showed a high degree of correlation to experimental data.

2.2.2

Heating and Pressure Affecting Strength of Solid-State Joints
A FSSW simulation found that heating is adjustable depending on the feeds and speeds of

the spindle, and the HAZ can thus be limited (Miles, Karki, Woodward, & Hovanski, 2013).
Material flow and weld quality are affected by weld heat and time (Yang, Yang, & Hu, 2015). Z
load, shape, and temperature matched an experimental sample well in the refill FSSW model.
This model was not necessarily predictive as only a single experimental sample was used for
comparison (Muci-Küchler, Kalagara, & Arbegast, 2010). Another FSSW model assumed
tooling was adiabatic, causing temperature predictions to be overestimated. Shape of the
simulated joint matched experimental data well including distortion (Awang, Mucino, Feng, &
David, 2005). Temperature, pressure, and shape of the FSSW model matched well with
experimental data. Joint strength predictability was not included in this study, but was planned
for a future study (Miles, Karki, & Hovanski, 2014).
For FSBR, heating reduced the forces needed to create the joint. Small grain sizes were
found near the joint and likely increased joint strength, but strength testing was not included in
this research (Samanta, Shen, Ji, Wang, Li, & Ding, 2018). Varying RPM and heating during
FSP affects the stir zone (SZ), thermomechanically affected zone (TMAZ), and heat affected
zone (HAZ) (Ansari, Samanta, Behnagh, & Ding, 2019). SPR creates a relatively low amount of
heat as there is not a rotational component to the process. Heat dissipates to the surrounding
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material mostly after the SPR process is completed (Hönsch, Domitner, Sommitsch, Götzinger,
& Kölz, 2018). In friction riveting an aluminum rivet to poly methyl metha acrylate base
material, heating and pressure deformed the rivet into a mushroom shape that increased the
holding strength of the rivet (Vignesh & Hynes, 2018).

2.2.3

Other Aspects of Interest
Another aspect of interest that arose during the review of the literature is that using a two-

dimensional simulation does not allow for modeling of non-circular bits or pins as the rotating
cross-section would be changing (Ansari, Samanta, Behnagh, & Ding, 2019).
The FBJ process has developed and evolved over recent years. FBJ consumable bits used
to have cutting features which were tested against each other to determine the better design.
These cutting features could not be included in the proposed FBJ model as they have a changing
cross-section when rotating. This same study found that metallurgical bonding is achieved
between the steel and aluminum, but the formation of intermetallic phases was not evident. FBJ
was found to provide similar strength as the SPR process, but with a greater ability to join
relatively soft and very hard materials (Miles, Feng, Kohkonen, Weickum, Steel, & Lev 2010).
FSSW can create better joints that resistance spot welding (RSW) in certain situations
with different advanced high strength steels (AHSS). Low-cost materials and the effect of
geometry of tooling on load was tested. Specific geometries and materials were found to have
better cost effectiveness than others (Miles, Karki, & Hovanski, 2014). The proposed FBJ model
does not take into consideration the tool holder material for simplicity. It could be included in
future versions of the model if analyzing the tooling was desired.
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Multiple FEW welds were created and stopped at different levels of plunge so that the
experiments could be compared with the simulation at multiple points to compare the shape. The
simulation shape matched well to the experimental shape throughout the penetration phase
(Varma, Absar, Zhao, Choi, Abke, Skovron, Ruszkiewicz, & Mears, 2018).
An array of micro thin film thermocouples was fabricated on top of a multilayer
insulating dielectric film in between the steel and aluminum sheets that were to be joined
together via FEW. The overall transient temperature profile during each stage of the FEW
process was obtained from micro thin film thermocouples (Absar, Ruszkiewicz, Skovron, Mears,
Abke, Zhao, & Choi, 2018). Using sensitive equipment like these micro thin film thermocouples
to measure temperature during FBJ experiments could be used for comparison with the proposed
FBJ simulation could help validate the model.
A design of experiments was conducted to determine factors on energy consumption,
process time, force, and other factors in FEW. Many useful insights were gained from this design
of experiments relating to the practicality of implementing FEW (Skovron, Ruszkiewicz, Mears,
Abke, Varma, Li, Choi, & Zhao, 2017).
Spot friction welding (SFW) was an early version of FSSW. Important parameters such
as rotational velocity, plunge rate, and others were discussed. Plunge depth had a large role
affecting joint strength in SFW (Pan, Joaquin, Wilkosz, Reatherford, Nicholson, Feng, &
Santella 2004). In the proposed FBJ model, plunge depth is set to plunge the bit until it is flush
with the surface of the aluminum. In future variations of the model, plunge depth could be
included as a variable and analyzed.
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The difficulties involved with welding dissimilar metals are discussed in one paper.
Various methods of joining aluminum and steel are explained, including FBJ and FSSW. The
Automotive industry’s interest and methods to overcome weaknesses these joining techniques
are explored (Schneider & Radzilowski, 2014).
Preparation of cross section samples began by cutting the samples in half using Wire
electrical discharge machining (EDM). These samples were then mounted in Bakelite and
polished to compare the experimental cross section with the simulated cross section (Miles,
Karki, & Hovanski, 2014).

2.2.4

Conclusion
Several important aspects of modeling the FBJ process were modeled in similar

experiments discussed in this literature review. Previous research has modeled and successfully
shown that simulations have been able to match and predict the outcomes of welding
experiments. Testing the predictive capabilities of simulations across varying parameters has
been lacking with regard to joint strength. Specifically, simulating the FBJ process in a way to
determine if the simulation can predict parameter configurations’ effect on joint strength has not
been performed. The proposed model will be created with the intent of determining the
predictive nature of the simulation.
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3

3.1

EXPERIMENTAL DESIGN

Welding Methodology
A design of experiments for testing parameter changes in the FBJ welding process was

created and carried out in Provo at MAZAK Megastir. This design of experiments was set up to
analyze the effect of spindle speed and plunge rate on three outputs: joint strength, temperature,
Z load, and bonding cross section area. These experimental results were compared to the results
of a simulation using the same parameters.
Plunge depth is an input parameter for the FBJ machine. However, the depth of plunge
cannot plunge the bit past the face of the aluminum sheet. The bit can plunge until it is flush, but
no further. The strongest welds have been created when the bit is flush with the aluminum sheet.
Additionally, the FBJ process is superior to competitive joining techniques because the joint does
not protrude from the surface. Given these factors, the plunge depth was decided to be
normalized in the experiment and set to create a flush joint surface.
Spindle speed has a great effect on temperature due to the friction associated with the
rotational velocity of the tool. This factor is measured in rotations per minute (RPM) and was
one of two factors involved with the design of experiments. The second factor, plunge rate, also
plays a major role in temperature and the load experienced at the weld interface. Plunge rate is
measured in inches per minute (IPM).
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In creating the experimental setup, interaction and some curvature within the varying
parameter sets was expected. In order to accommodate this two-factor interaction, the design of
experiments was set to cover a range of (-1,-1), (-1,+1), (+1,-1), (0,0), and (+1,+1). The typical
FBJ weld at the time of this experiment was run using a spindle speed set to 5000 RPM and a
plunge rate of 15 IPM. These values were used for the nominal, (0,0), values. The low and high
values selected for spindle speed and plunge rate were 4000 RPM, 6000 RPM, 12 IPM, and 18
IPM respectively. The final experimental range covered (4000 RPM, 12 IPM), (4000 RPM, 18
IPM), (6000 RPM, 12 IPM), (5000 RPM, 15 IPM), and (6000 RPM, 18 IPM).

Table 3-1: Randomized Weld Order in Design of Experiments
Group

1
1
1
1
2
2
2
2
3
3
3
3
4
4
4
4
5
5
5
5

Rpm, IPM Specimen #
-1,-1
2
-1,-1
11
-1,-1
15
-1,-1
13
-1,1
20
-1,1
18
-1,1
14
-1,1
10
1,-1
4
1,-1
9
1,-1
5
1,-1
19
0
17
0
3
0
16
0
7
1,1
1
1,1
6
1,1
12
1,1
8
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Four replicates were taken at each point, three for strength testing, and one for getting a
cross-sectional view of the weld. All twenty of these experimental points and replicates were
randomized using Excel to avoid any time dependent or other unknown variables. Table 3-1
shows the randomized order of each weld. The last replicate in each group was highlighted and
selected for the cross-sectional view, while the other three were pulled for strength testing.

3.2

Temperature Measurements
The FBJ machine at MAZAK Megastir currently does not have the capability of

measuring temperature. A digital laser IR thermometer was used to collect temperature data from
the experiments. The laser from the thermometer was propped against a test fixture and pointed
at the surface of the aluminum approximately 12-14mm from the center of the weld. A maximum
temperature reading was recorded for each weld.

3.3

Destructive Joint Strength Testing
Each of the first three weld specimens from each experimental group were pulled to

failure on the Instron machine located on the first floor of the Crabtree building on BYU campus.
The peak load of each weld was recorded and will be used to compare the input parameters on
joint strength.

3.4

Cross Section Preparation
The last weld from each experimental group was cut in half using a diamond wheel

located in the microscopy lab in the basement of the Clyde building on BYU campus. Next, the
cut weld was prepared in a Bakelite resin for polishing. The cross sections were then sanded
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down until the cross section was most visible. Lastly, the cross sections were viewed and
measured under a microscope located in the basement of the Clyde building.

3.5

Simulation Methodology
Simulating the FBJ process was performed using a finite element approach with the

Forge® software package. Dr. Michael Miles had created a basic FBJ simulation a few years ago
that was used as the foundation of building a model that resembled the current process.

3.5.1

Simulation Setup
The model would include some simplifications of the FBJ weld process to obtain a

simulation that could run in a reasonable amount of time. One of the main simplifications in the
model is that it starts from the point at which the consumable bit first contacts the steel sheet.

Figure 3-1:Beginning Positions of Objects in Simulation
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The aluminum sheet is retracted slightly so that it doesn’t move an excessive amount of material
during the simulation (see Figure 3-1). This simplification likely decreases the overall heating of
the weld in the simulation because the first stage of plunging through the aluminum is not
included. Additionally, this could cause a lower overall simulated load because there is less
material to push out of the way. Another large simplification was to not include the cutting
features that cut excess aluminum from the top of the joint. This caused the face of the weld to
not be flat and flush. This simplification could have also affected heating in the weld through
reducing friction and possibly other factors.
Each of the simulated shapes and measurements used in the simulation matched what was
physically used with a few exceptions. The bit and aluminum sheet received small radii or
chamfers to avoid sharp points which are difficult to simulate. As discussed earlier, the
aluminum coupon did not extend fully to the center of the weld. The top clamp initially was
located closer to the center of the weld, but it was moved further away to avoid unduly
constraining the aluminum that was being pushed out of the way. The tool holder initially also
started at the same diameter as the bit, as it is on the machine, but this diameter was increased to
cover the entire bit even after deforming in the simulation.
The simulated material properties initially matched the physical properties very well.
However, due to an issue with overheating, the aluminum material properties were changed.
Instead of using a TMF file matching the aluminum’s 7075 characteristics, a JMAT Pro file
format with 2219 aluminum was used instead, as this dataset had been validated during a parallel
project and we had more confidence in it over the large range of temperatures that occur during
the FBJ process. The JMAT Pro file was able to adjust thermal properties as the temperature
increased, which yielded a more realistic heating distribution. This new material file did not cure
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all the issues with excessive heating, as will be discussed later, but it improved it enough to gain
insight into the model. Bilateral sliding was used between the aluminum sheet and both the steel
sheet and the aluminum clamp. The material file selected for the consumable bit was C35 steel
which is similar to the low carbon steel used in the experiments. Friction for the bit in relation to
the aluminum and steel sheets was defined with a viscoplastic friction coefficient of 0.20. A
DP1180-950 material file was used for the steel sheet. Bilateral sticking friction was used for the
steel sheet in relation to the backing plate. The backing plate material was modeled as H13 tool
steel and bilateral sticking was used for the friction relation to the bottom die.

3.5.2

Issues and Changes to Simulation
As the last section mentioned, the simulation ran into some issues with heating. At the

interface of the aluminum and the steel bit, the top edge of the bit was experiencing excessive
heating. Additionally, the simulation would break from some issue likely due to the material
being over constrained.

Figure 3-2: Simulation Breaking From Being Over Constrained
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One of the first change made to the simulation was to switch the aluminum material file
to a JMAT Pro file format for 2219 aluminum. This file format allows for variable thermal
properties based on the current temperature of the material. This helped lower the overall heating
in the simulation, but there were still issues regarding the material being over constrained that
added to the excessive heating (see Figure 3-2).
To help reduce the material from becoming over constrained, the aluminum clamp was
pulled back 5 millimeters. This change helped the simulation progress more quickly. However,
near the end, the system was still over constrained and breaking the simulation. The final step to
reduce the constraints was to allow the aluminum sheet to slide horizontally away from the bit by
changing the friction file from bilateral sticking to bilateral sliding. This change allowed the
simulation to run more quickly and would not create an over constrained area. The simulation
was able to run fully without breaking (see Figure 3-3).

Figure 3-3: Fully Run Nominal Simulation With Temperature Gradient in Celsius
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3.5.3

Running Multiple Simulations With Varying Parameters
Once the first simulation ran successfully, a simulation was created with the other four

experimental parameters. These simulations ran well, and all finished running with the exception
of the High RPM and Low IPM experiment. That simulated experiment ran nearly flush, ending
only a couple of steps short from finishing. The reason for that simulation breaking was not
discovered. The data gathered from that simulation was still relevant and practically yielded the
same information to be used in the analysis.
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4

4.1

RESEARCH RESULTS AND ANALYSIS

Design of Experiments Joint Strength Results
The results of the 15 welds that were strength tested are shown in Figure 4-1. Figure 4-2

shows the average strength for the three welds in a group. Additionally, Figure 4-3 shows the
standard deviation within each group. The standard deviations are positively correlated with the
Z loads. This could be due to vibrations or other unexpected factors that cause higher variability
with higher loads.

Figure 4-1: Individual Weld Strength by Group
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Figure 4-2: Mean Weld Strength by Group

This design of experiments found that the effect of spindle speed on joint strength was
significant as seen in Figure 4-4. Plunge rate did not have a significant effect as shown in Figure
4-5. Figure 4-6 shows that the interaction between plunge rate and spindle speed was significant.

Figure 4-3: Weld Strength Standard Deviation
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Figure 4-4: Effect of RPM on Joint Strength

Figure 4-5: Effect of IPM on Joint Strength
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Figure 4-6: Interaction Between RPM and IPM

4.2

Z Load Measurement Versus Simulation
The Z Load measurement data from all of the welds and simulation groups are compared

in the following figures ranging from Figure 4-9 to Figure 4-18. The data gathered from the FBJ
machine have some chatter from vibration in the machine. Generally speaking, the welds in each
group follow a similar load path. The measured data and simulations follow similar trends,
however, there are some major discrepancies. First, the Z Load that is experienced from the
machine is coming out to less than half of the simulated loads. Second, the simulations run
almost twice as quickly as the real welds.
As has been previously discussed, the simulation only performs the second stage of the
FBJ weld process. This means that there is less heat introduced into the simulation. Based on
Figure 4-7 and Figure 4-8, the Z load appears to be strongly correlated to the rate of plunge. If
the plunge rate is low, the Z load is lower. Obviously, a high plunge rate will yield higher Z
loads than a low plunge rate. Additionally, since the same plunge distance is traveled, a low
plunge rate will take longer. A longer weld held at a given RPM will get hotter than a shorter
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weld duration. Higher spindle speed will also increase the temperature of the weld, all else being
equal. The spindle speed seems to be a secondary inversely proportional factor in the Z load.
This increase in heat seems to be strongly correlated to the Z load experienced and will be
discussed further in section 4.3.

Figure 4-7: Simulated Maximum Z Load for Each Weld Group

Figure 4-8: Average Maximum Z Load for Each Weld Group
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The second main difference that was noticed between the real and simulated welds was
the weld duration as can be seen when comparing Figure 4-9 and Figure 4-10. The second stage
of the real welds lasted approximately 600ms, while the simulation only lasted 350ms. The
duration of the weld in both cases was dependent on the plunge rate. In the real welds, the
machine shows that the weld takes nearly double the time that it should take given a particular
plunge rate. This must be because the machine is not plunging as fast as it is set to do. This could
be caused by some extra play in the system, or some unknown factor. If the real welds are taking
nearly twice as long, they must plunge more slowly, introduce more heat to the system, and as a
result do not have as high of a Z load during the weld. In the section 4.3, some of these other
factors are considered.

Figure 4-9: Z Load From Low RPM Low IPM Weld Group
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Figure 4-10: Simulated Z Load of Low RPM Low IPM Configuration

Figure 4-11: Z Load From Low RPM High IPM Weld Group

26

Figure 4-12: Simulated Z Load of Low RPM High IPM Configuration

Figure 4-13: Z Load From High RPM Low IPM Weld Group
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Figure 4-14: Simulated Z Load of High RPM Low IPM Configuration

Figure 4-15: Z Load From Nominal RPM Nominal IPM Weld Group
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Figure 4-16: Simulated Z Load of Nominal RPM Nominal IPM Configuration

Figure 4-17: Z Load From High RPM High IPM Weld Group
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Figure 4-18: Simulated Z Load of High RPM High IPM Configuration

4.3

Simulations to Explain Load Differences
To better understand the gap in Z load between the simulations and real-world

measurements, a few more simulations were created. First, the aluminum sheet was removed
from the vicinity of the tool and bit. This simulation would show what portion of the Z load was
determined by the steel bit and what portion was determined from the aluminum interaction. The
original nominal simulation experienced a maximum Z load of 66.8kN (see Figure 4-16).
Removing the aluminum interaction, the maximum Z load was 53.1kN, a significant reduction
(see Figure 4-19). Additionally, the nominal simulation was run one more time with the friction
coefficient being changed to only 0.01. This simulation with a low friction coefficient had a
maximum Z load of 69.5kN (see Figure 4-20). This low friction simulation maximum Z load was
slightly greater than the initial simulation, suggesting that higher friction increases temperature
and therefore reduces the required plunging forces. This correlation of increased temperature
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reducing the force required to create the joint has been found in other research as well (Samanta,
Shen, Ji, Wang, Li, & Ding, 2018).

Figure 4-19: Simulated Z Load With No Aluminum Interaction

Figure 4-20: Simulated Z Load With Low Aluminum Friction Interaction
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More simulations were then run at a plunge rate that would match the real-world rate.
Instead of a plunge rate of 15IPM, a rate of approximately 9IPM was used to match the observed
nominal rate. One simulation removed the Aluminum from interacting with the weld again, and
the other simply used a low friction coefficient again. The maximum Z load for the simulation
with no aluminum interaction was 41.1kN (see Figure 4-21). This range is much closer to the
measured average maximum nominal weld Z load of 32.3kN. The maximum Z load for the
simulation with low friction aluminum interaction was 83.5kN showing that the decrease in
friction significantly increased the Z load (see Figure 4-22).

Figure 4-21: Simulated Z Load With No Aluminum Interaction and Realistic IPM

All five combinations of rotational velocity and plunge rate were simulated at the slower
plunge rates that were observed experimentally. The observed rates were approximately 11.1, 9,
and 7.5IPM corresponding to the high, nominal, and low plunge rates respectively. The two
simulations that ran with a high RPM crashed and would not finish for unknown reasons. The
other three simulations (see Figure 4-23, Figure 4-24, and Figure 4-25) ran to completion and
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experienced approximately 20% lower maximum Z loads of 51, 61.5, and 52.5kN than the
previously simulated Z loads of 64.3, 77.2, and 66.8kN respectively. This reduction of Z load
brings these simulations closer to the experimentally observed data.

Figure 4-22: Simulated Z Load With Low Aluminum Friction and Realistic IPM

Figure 4-23: Simulated Z Load of Low RPM and Realistic Low IPM Configuration
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Figure 4-24: Simulated Z Load of Low RPM and Realistic High IPM Configuration

Figure 4-25: Simulated Z Load of Nominal RPM Realistic Nominal IPM Configuration
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4.4

Temperature Measurement Versus Simulation
The temperature measurement during the design of experiments measured the

temperature of the aluminum surface approximately 12-14mm away from the center of the weld.
Given that this measurement continued for moments after the weld finished, a spot
approximately 11 mm away on the surface of the aluminum was used as a comparison (see
Figure 4-26). The mean temperature measurements are found in Figure 4-27. The measured
temperatures do not match the simulations very well. This could be due to imprecise
measurements, or other factors. The simulated temperatures seem to have a good inverse
correlation with the Z load required to make a weld (See Figure 4-7). The simulated maximum
temperature of the steel-on-steel interface is shown in Figure 4-28, and has some correlation to
plunge rate and spindle speed.

Figure 4-26: Simulated Temperature at Surface of Aluminum 11mm From Weld Center
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Figure 4-27: Mean Weld Temperature Measured by Group

Figure 4-28: Simulated Temperature of Each Weld Group at Steel-on-Steel Interface
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4.5

Bonded Area Measurement Versus Simulation
The cross sections from the weld samples that were prepared are shown from Figure 4-29

to Figure 4-33. The cross sections were cut and then sanded in an attempt to reach the center of
the weld. Two of the cross sections (Figure 4-29 and Figure 4-31) ended up slightly angled in the
Bakelite material, which made it difficult to tell when the center of the weld had been found. The
given measurements are the approximate diameter of the bonded area. The other three cross
sections (Figure 4-30, Figure 4-32, and Figure 4-33) were measured across the head of the bit to
determine how close to center they were. The measured bit heads were larger in diameter than
prior to the welding process. The measured head diameters were found to vary by less than 1%.
This suggests that the cross sections were very close to the exact center of the joint.

Figure 4-29: Weld Cross Section of Low RPM Low IPM Configuration
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Two diameters were measured in Figure 4-29, and the longer of the two was used. This is
because during the sanding process, the bonded area appeared to be consistently at a point closer
to the larger diameter.
Figure 4-34 shows the measured bonded areas based on the cross-section measurements.
Figure 4-35 shows the simulated bonded area of each weld group. The final shapes of the
simulated welds are shown from Figure 4-36 to Figure 4-42 including some of the additional
welds mentioned in section 4.3. This bonded area is correlated with the actual weld strength
found through Instron destructive testing which will be discussed in section 4.7.

Figure 4-30: Weld Cross Section of Low RPM High IPM Configuration
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Figure 4-31: Weld Cross Section of High RPM Low IPM Configuration

Figure 4-32: Weld Cross Section of Nominal RPM Nominal IPM Configuration
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Figure 4-33: Weld Cross Section of High RPM High IPM Configuration

Figure 4-34: Measured Bonded Area by Weld Group
40

Figure 4-35: Simulated Bonded Area of Each Weld Group

Figure 4-36: Finished Weld Simulation of Low RPM Low IPM Configuration
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Figure 4-37: Finished Weld Simulation of Low RPM High IPM Configuration

Figure 4-38: Finished Weld Simulation of High RPM Low IPM Configuration
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Figure 4-39: Finished Weld Simulation of Nominal RPM Nominal IPM Configuration

Figure 4-40: Finished Weld Simulation of High RPM High IPM Configuration
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Figure 4-41: Finished Nominal RPM Nominal IPM Simulation Low Aluminum Friction

Figure 4-42: Finished Nominal RPM Nominal IPM Simulation No Aluminum
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4.6

Power Input Over Duration of the Weld
Another metric of interest is the power input over the duration of the weld cycle. The

time that a weld takes is directly correlated to the plunge rate. As the plunge rate increases, the
weld duration decreases. Power input from friction and plastic deformation are plotted over time
for multiple simulations (see Figure 4-43 to Figure 4-50). Total energy was also included so that
the effect of a longer weld durations was demonstrated. The steep increase in power in each
figure corresponds to the bit coming into contact with the aluminum sheet. This suggests that the
power input from the aluminum interaction in the simulation is greater than what is seen
experimentally, since the steel-on-steel interface experiences the greatest heating. The figures
show that peak power tends to be greater with higher spindle speeds and plunge rates. Total
energy is most significantly affected by plunge rate, which lengthens or shortens the duration of
the weld.

Figure 4-43: Simulated Power of Low RPM Low IPM Configuration
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Figure 4-44: Simulated Power of Low RPM High IPM Configuration

Figure 4-45: Simulated Power of High RPM Low IPM Configuration
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Figure 4-46: Simulated Power of Nominal RPM Nominal IPM Configuration

Figure 4-47: Simulated Power of High RPM High IPM Configuration
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Figure 4-48: Simulated Power of Low RPM Realistic Low IPM

Figure 4-49: Simulated Power of Low RPM Realistic High IPM
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Figure 4-50: Simulated Power of Nominal RPM Realistic Nominal IPM

4.7

Analysis
The experimental Z load data did not show a linear correlation with spindle speed or

plunge rate. However, a full second order regression was run which found that spindle speed had
a significant effect on the experimental Z load (see Figure 4-51).

Figure 4-51: Experimental Z Load Versus Spindle Speed
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A regression found that simulated Z Load has a significant correlation with the
Experimental Z Load for both the intercept and slope. While the R squared shows that the Z
Load did not match perfectly, this correlation shows that the simulation has the potential to be
useful in predicting Z Loads (see Figure 4-52).

Figure 4-52: Simulated Z Load Versus Experimental Z Load

There is a strong correlation with an R squared of 93% associated with the simulated
bonded area and the simulated temperature achieved at the steel-on-steel weld interface (see
Figure 4-53). A regression analysis showed that both the intercept and slope were significant at
95% confidence. Initially, this did not seem to be the case due to one of the simulations not
finishing entirely. This caused the bonded area to be much less than it should have.
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Figure 4-53: Simulated Bonded Area Versus Simulated Temperature

The failure load and the simulated bonded area have a slight positive correlation (see
Figure 4-54). If there were more data points for experimental bonded area, the correlation might
be stronger.

Figure 4-54: Failure Load Versus Experimental Bonded Area
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The simulated bonded area and experimental bonded area also have a positive correlation
trending in the right direction (see Figure 4-55). More data points could yield a stronger
confidence in the correlation.

Figure 4-55: Simulated Bonded Area Versus Experimental Bonded Area
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5

5.1

CONCLUSIONS AND RECOMMENDATIONS

Conclusion
Friction bit joining has improved towards a production ready process over the past few

years. Much of the improvements that have come in the FBJ process have come from experience
gained from iterations of changing various input parameters. The simulation discussed in this
paper was created with the following research questions in mind.
1. What is the effect of spindle speed, plunge rate, and plunge depth on joint strength?
Can the proposed model be developed with enough fidelity to correlate the effect of these
parameters on joint strength, within 10%?
2. What is the effect of the simulated vertical load profile on heating at the interface?
Does the load profile/heating relationship correlate to experimental joint strength to within 10%?
The purpose of these questions was to determine if a simulation could have a viable
predictive ability. If the simulation was able to have predictive properties, more input parameters
and combinations could be compared to assist with optimizing the FBJ process in a more cost
effective and fast manner than performing extensive experiments.
The design of experiments performed to create comparative experimental data found that
the effect of spindle speed on joint strength was significant. Plunge rate did not have a significant
effect, but the interaction between plunge rate and spindle speed was significant.
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The simulation data was used to run a full second order regression was run which found
that spindle speed had a significant effect on the experimental Z load. The data also revealed that
spindle speed and plunge rate have a strong correlation between bonded area and temperature.
Simulated versus experimental Z loads also have a significant correlation. Additional simulations
were run to determine some reasons for the difference between the simulations and the
experimental data. These additional simulations confirmed that slower plunge rates increase the
heating in the weld and reduce Z loads. The experimental bonded area has a slight positive
correlation to joint strength but does trend in the right direction with respect to what we would
expect, i.e., that increasing bond area should lead to greater joint strength.
The simulated shape of the joint profile doesn’t fully match the experimental cross sections
but is reasonable. The upper corner of the steel bit overheats and gets compressed during the
plunge. With a more accurate friction coefficient, the simulation may match the experimental
cross section shape more closely. Simulated bonded area and experimental bonded area have a
positive correlation.
This simulation could be used and altered to test various materials and parameter
combinations. While this simulation has shown reasonable correlations with the experimental
data, further research will be needed to improve the predictions so that the model can be used for
welding development purposes. Despite some weaknesses, the current model does appear to be
predictive enough that it can provide insight into other FBJ design configurations and material
combinations in terms of temperature profiles and welding loads.
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